in oxidation-reduction redox reactions o f the pho tosynthetic electron transport chain w ithout addi tional cofactors. It has been dem onstrated that histidine [1] , carboxyl [2] and glutam ate [3] resi dues provide ligands to the manganese atom s of the water-splitting system. M oreover, electron transfer between the oxygen evolving complex and the reaction center chlorophyll, P 680 is mediated by a tyrosine residue, Yz (Tyr-161 o f D 1) [4] [5] , In addition to Yz there is a second redox-active tyro sine in PS II designated as Y D (Tyr-161 o f D 2) [6] ,
The D 1 and D 2 reaction center proteins of PS II contain ten and eight histidine residues, re spectively [7] , Several histidine residues participate in the ligation of the four manganeses of the watersplitting system [1, 8 -9 ] . Both Y z and Y D are sug gested to form a hydrogen bond with histidine 190 in the D 1 and D 2 protein, respectively [10] . H isti dine 198 of both D 1 and D 2 are proposed to ligate P 680 [11] . Thermoluminescence (TL) [12] [13] and EPR [14] [15] observations support the earlier p ro posal [16] [17] that a histidine residue also partici-pates in physiological electron transfer reaction from the manganese cluster to P 680, either via the redox active Y z or on an alternative pathway. It has been suggested that the S2 to S3 transition oc curring in C a2+ depleted PS II corresponds to the oxidation of a histidine residue [14] . Light-induced form ation o f this histidine radical can also occur in functional PS II [18] . It has been also reported that the so-called A T TL band which appears at about -3 0 °C in the glow curve o f manganese-depleted PS II particles is abolished by the histidine m odi fier, diethyl pyrocarbonate (DEPC) [12, 13] in a m anner parallel with the loss of photoactivation capability [19] . It was suggested that a redox active histidine residue is mediating electrons from the manganese cluster to Yz, and the Ax TL band is generated by charge recom bination between this photooxidized histidine and the reduced prim ary quinone, QA~ [12] . Recently Tam ura et al. [1] found by D EPC treatm ent o f wheat PS II particles that a histidine residue on the D 1 protein is in volved in binding M n during photoactivation. Inhi bition o f manganese binding by DEPC in the highaffinity M n-binding assay also suggests that histi dine residues are involved in binding Mn functional in the 0 2-evolving process [2, 9] . It might happen that the same putative electron-mediating histidine is providing a hydrogen bond to Yz [10, 19] and is essential for photoligation o f exogenous M n (II) atom s during photoactivation [1, 2, 12, 19] .
Histidine residues also participate in the struc tural arrangem ent o f the acceptor side of PS II. By analogy with the bacterial reaction center [20] four histidines on helices IV and V o f both the D 1 and D 2 subunits were suggested to be involved in bind ing o f non-heme iron [7] . Histidine 214 of the D 2 protein is involved in binding of QA [21] and histi dine 215 o f the D l protein is a ligand to Q B [22, 23] . Consequently, it should be considered in the interpretation o f results obtained by DEPC treatm ent o f thylakoids, that DEPC can modify not only the donor -but the acceptor -side histi dines, as well.
The present study dem onstrates that m odifica tion o f histidine residues by DEPC treatm ent in hibits electron transfer not only on the donor side o f PS II but also on the acceptor side, between QA and Q b. C ontrary to the expectation, electron transfer between the manganese cluster and QA during the S, to S2 transition o f the water-splitting complex is not inhibited by DEPC treatm ent in manganese-containing spinach thylakoids.
M aterials and Methods
Thylakoid membranes (broken chloroplasts) were isolated from 1 -2 m onth old spinach grown in a green house as described earlier [24] and sus pended in a medium containing 0. TL profiles were measured in an apparatus simi lar to that described by Tatake et al. [25] and the conditions of m easurements have been described elsewhere [24] . N o extra care was taken to avoid the distortion o f TL bands at 0 °C during the icewater transition.
Results
The effect o f the histidine modifier, DEPC on the photosynthetic electron transport chain was investigated by partial electron transport rate measurements. In agreement with earlier observa tions [1, 26] the extent of inhibition was dependent on the concentration and incubation time. Fig. 1 shows the inhibition of various partial electron transport reactions after 15 min incubation of iso lated spinach thylakoid membranes with increas ing concentrations of DEPC. While the whole chain electron transport from water to methylviologen was completely inhibited by 1 m M DEPC the photosystem I reaction from TM PD , which by passes the oxidation site o f plastohydroquinone [27] , to methylviologen was little affected even by 5 m M DEPC. Thus PS II is more sensitive to DEPC than the PS I electron transport. Fig. 1 also shows that the inhibition o f the H 20 ->DCIP Hill reaction is considerably higher than that of the D P C -► D C IP reaction. Since DPC is directly do nating electrons to Yz [28] [29] this observation suggests that one of the action sites o f DEPC is located between the manganese cluster and Y z. Addition of DPC to the DEPC treated thylakoids can only partially releave the inhibition o f the water to DCIP reaction, indicating a DEPC-induced modification of the acceptor side of PS II before the acceptory site of DCIP. A nother inhibi tory site may exist between the plastoquinone pool and PS I as suggested by com parison of the inhibi tion of D Q H 2->MV and T M P D ->MV reactions (Fig. 1) .
The TL technique proved to be a very sensitive method to follow small changes in the redox states of the Mn cluster and the prim ary (QA) and sec ondary (Qb) quinone acceptors [30] [31] [32] , Fig. 2 , curve A shows the TL glow curve o f untreated spinach thylakoids excited at -8 0 °C. In the glow curve the so called B band originating from S2Q B" charge recom bination [32, 33] appeared at around 30 °C. A small satellite band could also be ob served at about -3 0 °C. This band probably corre sponds to the A band [34] and is suggested to be associated with S3QA~ charge recom bination [35] . It is o f note, that the Ax band, which can be excited in manganese-depleted PS II particles, appears at the same tem perature as the A band [35] and is as signed to charge recom bination o f an oxidized electron mediating histidine com ponent (His+) and Qa~ [12, 13] . At the descending side of the B band the appearance o f a shoulder at about 50 °C indi cated the presence o f a small hidden C band [31, 36] under the envelope of the B band. The ori gin of the C band has not been clarified yet [31, 36] . We note that the distortion observable in the form o f a shoulder or trough at 0 °C in all of the glow curves, is caused by the solid-liquid phase transition o f water and should be neglected in the interpretation o f results [37] . Incubation of thyla koids for 15 min in the presence o f D EPC resulted in the loss o f the B band with a concom itant ap pearance o f a band at about 10 °C and also with the intensification o f the band at 50 °C (Fig. 2,  curve B) . The same TL bands could also be ob served in the glow curve of D C M U -treated thyla koids (Fig. 2, curve C) . Therefore, the bands at +10 and 50 °C in the glow curve o f DEPC-treated thylakoids can be considered as the Q and C bands, respectively, which are the characteristic TL bands in the glow curve o f D C M U -treated chloroplasts [33, 38] , Thus, D EPC and D CM U have similar effects on the electron transport of thylakoids. Since the Q band in the glow curve of D C M U -and D EPC -treated thylakoids can be ac counted for by the S2QA~ charge recom bination, we suggest th at DEPC, like D C M U , inhibits elec tron transfer between QA and Q B.
In agreement with the observation that the A band can not be charged in the presence of D CM U [35] both D C M U and D EPC abolished the A(AT) band at around -3 0 °C with a sim ultaneous ap pearance o f a hidden band under the envelope of the Q band at about -1 5 °C (Fig. 2, curves B and C, respectively). While the band at -3 0 °C is prob ably associated with S3QA" charge recombination [35] the origin of the band at -15°C in the D C M U -and D EPC -treated thylakoids is not known.
M odification o f the thylakoid mem brane and inhibition of photosynthetic electron transport by DEPC treatm ent is a time dependent phenomenon as shown in Qa and Qb during DEPC treatm ent, the B band (S2Q b~) is gradually abolished and replaced by the Q band (S2QA ). U nder our experimental condi tions, in the presence of 5 mM DEPC, complete es tablishment of the Q band and loss o f the B band required incubation of 15 min (Fig. 3, curve C) .
TL measurements were also carried out to deter mine the effect of DEPC treatm ent (histidine m od ification) on the A(At ) band which appears at -3 0 °C (Fig. 4, curve A) . The A(AT) band was charged by two preflashes at 5 °C (S2-^-S3 transi tion) followed by quick D EPC treatm ent and cool ing to -8 0 °C. At -8 0 °C an additional light exci tation was applied. The two preflashes lifted the water-splitting system to the S3 state, which is a re quirement for the generation of the A band [35] . The low tem perature illumination at -8 0 °C pro vided electrons for the QA acceptor pool by includ ing an additional electron transfer from the donor side to Qa (light-induced oxidation of an unidenti fied donor). Since the DEPC treatm ent was very short (not to allow the relaxation o f the S3 state after the two preflashes) the B band at 30 °C was only partially abolished in the glow curve (Fig. 4.  curve B) . This is understandable because complete D C M U -type effect can be achieved only by long term DEPC incubation of thylakoids (Fig. 3, curve  C) . Treatm ent of the sample with DEPC after two preflashes and an additional illumination at -8 0 °C abolished the A(AT) band and a new band appeared at -1 5 °C (Fig. 4, curve B) . The same phenom enon could be induced by using the same illum ination procedure but replacing DEPC with D C M U (Fig. 4, curve C) . The DEPC-or DCM Uinduced replacement of the band at -3 0 °C with the band at -1 5 °C was also observed without preilluminating the sample by 2 flashes (see the shoulder at -1 5 °C in Fig. 2, curves B and C) . However, this hidden band under the envelope of the Q band was less pronounced.
Discussion
Diethyl pyrocarbonate (DEPC) is a specific re agent for the modification of histidine residues of proteins [39] . Since histidines provide binding sites for several electron transport com ponents o f PS II it can be expected that DEPC treatm ent influences the electron transport rate. However, Tam ura et al. [1] observed only a very little effect of 500 |im DEPC on isolated PS II particles (T M F2) during 60 min incubation. They concluded that DEPC does not affect very much the intact manganese cluster in TM F2. In contrast, in m anganese-de pleted PS II particles DEPC severely affected the photoactivation capability of the preparation. The acceptor side effect o f DEPC has not been consid ered.
In the present work, in agreement with the re sults o f Singh et al. [26] , the electron transport was considerably inhibited both at the donor and ac ceptor sides of PS II by incubating spinach thyla koids with 5 m M DEPC for 15 min.
The inhibition of electron transport at the donor side of PS II between the manganese cluster and the donation site of DPC (Fig. 1) can be explained by the DEPC-induced modification of the putative electron mediating histidine com ponent which is bound to Yz by a hydrogen bridge [10, 19] and participates in photoligation of exogenous m an ganese atom s during photoactivation [1, 2, 12, 19] .
Our TL measurements dem onstrate that DEPC also inhibits the electron transport at the acceptor side of PS II. The QA binding histidine is not influ enced by DEPC since the Q TL band (S2QA_) can be charged after D EPC treatm ent (Fig. 2, curve  B) . On the other hand, inhibition of electron trans port between QA and Q B, as indicated by the abol ishment of the B band in the glow curve, suggests that histidine residues participating in binding of non-heme iron and Q B are modified by DEPC. This conclusion is in agreement with earlier suggestions [7, 22] , concerning the role o f histidine residues in the structural arrangem ent of the ac ceptor side of PS II.
The inhibition of electron transport by DEPC at the acceptor side of PS II has several conse quences. The effect o f DEPC in the photoligation and photoactivation experiments [1, 40] , and in the high affinity M n-binding assay from DPC to DCIP [2, 40] , should be interpreted with care in the light of our present results. The inhibition of elec tron transport between QA and Q B influences the donor side reactions, as well. The water-splitting system can undergo only one transition affecting the photoligation and photoactivation process of Mn, which probably requires the absorption of at least two light quanta and in turn, transfer of two electrons from the donor to the acceptor side [1] , However, this can not take place if the Qa~*Q b electron transfer is inhibited and if the primary ac ceptor is already in the reduced state after the first photoact. Similarly, photoactivation which is fa cilitated in the presence of D C IP [41] might be slowed down or inhibited in the presence of DEPC, since electrons can not reach the exoge nous acceptor bound at the Q B binding site. Partial inhibition of the QA to Q B electron transfer by DEPC can also affect the high affinity M n binding assay from DPC to D C PIP [2] .
DEPC replaced the TL band peaking at -3 0 °C with a band appearing at about -1 5 °C (Fig. 4,  curve B ). This phenom enon can not be attributed to an inhibition o f electron flow only at the accep tor side of PS II, because the B band (S2QB~) could be partially charged after a short DEPC treatm ent (Fig. 4, curve B) . Thus the abolishment of the A(At ) band indicates an effect o f DEPC on the do nor side of PS II [1, 12] probably on a histidine re sidue which is suggested to be oxidized in the S2 to S3 transition [14, 18] , This putative photooxidizable histidine may also participate in the generation of the AT band [12, 13] which appears at the same tem perature as the A band [35] .
The donor side effect o f D EPC develops faster than the electron transport inhibition at the accep tor side, because the replacement of the A(AT) band with the band at -1 5 °C preceds the disap pearance of the B band (Fig. 4, curve B) . Surpris ingly, the form ation of the S2 state is not inhibited by D EPC as can be concluded from the appear ance of the Q band (S2QA~) in the glow curve of D EPC-treated thylakoids (Fig. 2, curve B) . This observation can hardly be reconciled with the ex istence of a putative interm ediate histidine com po nent between M n and Y z. M odification of this his tidine by DEPC should inhibit the formation of the S2 state. The contradiction might be resolved by assuming the location o f the electron-mediating histidine on an alternative pathway to P 680 as it was suggested in [13] .
The band appearing at -1 5 °C simultaneously with the disappearance of the A(AT) band at -3 0 °C has not been reported earlier [31, 35, 36] . This band can not be attributed to charge recom bination of the putative oxidized histidine com po nent (His+) with Qa~ [12, 13] because it appears at higher tem perature than the A(AT) band. As it is reflected in the higher peak tem perature [42] the midpoint redox potential of the donor responsible for the -1 5 °C band should be less positive than that of the donor (S3 state or His+) participating in the generation of the A(AT) band at -3 0 °C. We can assume that after two preflashes in the pres ence of DEPC or D C M U , an additional low tem perature illumination at -8 0 °C results in the oxi dation of an unidentified donor responsible for the -1 5 °C band. The identification of the donor re sponsible for the -1 5 °C band requires further in vestigation. Since the band at -1 5 °C can be charged in the presence o f D C M U (Fig. 2 and 4 ) the acceptor participating in its generation is prob ably the reduced prim ary quinone acceptor, QA .
It is rather perplexing that D C M U , which is an inhibitor of electron transport at the acceptor side of PS II between QA and Q B, also resulted in the re placement of the -3 0 °C band by the -1 5 °C band (Fig. 4, curve C) . As a possible interpretation we suggest, that in uninhibited thylakoids during illu mination by continuous light at -8 0 °C following two preflashes at 5 °C some o f the PS II reaction centers undergo two turnovers. After the first pho toact the oxidized donor responsible for the -3 0 °C band (S3 or H is+) is rereduced by a second ary donor o f less positive potential which is re sponsible for the -1 5 °C band. In the second pho toact the donor associated with the -3 0 °C band is oxidized, again. During TL m easurement it under goes charge recom bination with QA-resulting in the appearance o f the -30 °C band. In D CM Utreated thylakoids PS II can turn over only once and the -1 5 °C band appears in the glow curve. In the presence of DEPC the donor responsible for the -3 0 °C band (probably histidine) is inhibited and only the donor accounted for the -1 5 °C band can be oxidized. Consequently, in the presence of DEPC only the -1 5 °C band can be charged and observed. Inhibition o f the donor responsible for the -3 0 °C band does not inhibit the appearance of the Q band (S2QA ) as shown in Fig. 2 . Similar ly, the appearance of the B band (S2Q B~) is not in fluenced by replacement o f the -30 °C band with the -1 5 °C band (Fig. 4, curve B) . Subsequent de velopment of the inhibition between QA and Q B at the acceptor side histidines results in the disap pearance of the B band with a concom itant ap pearance of the Q band (Fig. 2, curve B) .
In summary, we can say that in the interpreta tion of results obtained by DEPC-induced modifi cations o f electron transport both the donor and acceptor side effects of DEPC should be taken into account. In addition to the well documented m odi fication o f an electron mediating histidine donor com ponent at the donor side of PS II [1, 12, 13, 19] , inhibition of electron transfer between QA and Q b by D EPC indicates, in agreement with earlier suggestions [7, 22] , the participation of histidine residues in the functioning o f the acceptor side of PS II, as well. It was also found that in manganesecontaining thylakoids DEPC does not inhibit elec-
